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Abstract 
Porosity and permeability of reservoirs are key parameters for an economical use of hydrogeothermal energy. Both 
may be significantly reduced by precipitation of minerals. The Allermöhe borehole near Hamburg (Germany) 
represents a case in which precipitation of anhydrite resulted in a failed reservoir development. We introduce a new 
numerical approach for better understanding of this, considering both the spatial variations of supersaturation on the 
pore scale and the pore space structure. Besides pore size this requires consideration of the effects of surface charge 
density on the fluid supersaturation in porous media and of the role of fluid flow velocity.  
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1. Introduction 
Porosity and permeability of reservoirs are key parameters for an economical use of hot water from 
geothermal installations. However, these rock properties may be significantly reduced by precipitation of 
minerals, such as anhydrite (calcium sulphate, CaSO4). The Allermöhe 1 borehole near Hamburg 
(Germany) was drilled into a geothermal reservoir whose subsequent development failed because the pore 
space was drastically reduced by anhydrite precipitation [1]. For a risk assessment of future boreholes it is 
therefore essential to understand how and when anhydrite precipitates under reservoir conditions. In 
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general, formation of anhydrite and any other mineral in porous media requires supersaturated fluids. The 
degree of supersaturation governs the precipitation. In the case of anhydrite it depends, apart from 
temperature, on the concentrations of calcium and sulphate in the fluid and on its salinity. 
Analysis of core samples from the Allermöhe 1 borehole showed that anhydrite precipitation occurred 
in regions of relatively high porosity while regions of low porosity remained uncemented [2]. These 
findings correspond to the fact that halite precipitation in porous media is found only in relatively large 
pores [3]. Further studies revealed that undercooled water in soils migrates through small pores while 
forming of ice crystals takes place in large pores [4]. All these studies emphasise that pore size controls 
crystallisation. Describing mineral precipitation in porous media therefore requires establishing a relation 
between pore size and nucleation. The work presented here is based on investigations by Emmanuel and 
Berkowitz [5] who present such a relation based on a thermodynamic approach. However this approach 
cannot explain the heterogeneous anhydrite precipitation observed in the Allermöhe core samples since it 
has no effect in pores with radii in the range of micrometres, such as in the Allermöhe core samples. We 
chose an advanced approach by considering electric system properties resulting in an alternative relation 
between pore size and crystallisation capable of accounting for the anhydrite precipitation in the cores of 
the Allermöhe borehole.  
It is well known that a high fluid supersaturation can be maintained in porous rocks [3]. This clearly 
indicates that a supersaturation threshold exists exceeding thermodynamic equilibrium considerably. We 
chose a theoretical approach for explaining the heterogeneous anhydrite cementation patterns which 
accounts for the electric interaction between surface charges of the matrix and calcium and sulphate ions 
in the fluid. This approach was implemented into the numerical code SHEMAT [6] used for simulating 
anhydrite cementation in a hypothetical 2D core flooding experiment. 
 
Nomenclature 
 supersaturation 
 activity coefficient 
keq equilibrium constant 
c concentration 
t time 
K reaction rate constant 
x space coordinate 
2. Theoretical background 
Supersaturation of a fluid is defined by 
0
i i
ieq
1 c ,
k
  (1) 
where keq is the equilibrium constant, i is the activity coefficient of the i-th component and ci is the 
concentration of the i-th component. Precipitation of minerals occurs if  > 1 and dissolution is observed 
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in case of  < 1. The condition  = 1 defines the equilibrium state. The rate of change in mineral 
concentration c can be written as [7]: 
qpc K A 1
t   (2) 
A is the reactive crystal surface, K is the rate constant and p and q are process-dependent constants 
representing the order of reaction. Taking into account that the curvature c of a spherical crystal c = 1/rc 
results in a shift of the equilibrium state e [5], [8], 
mol
e
c
2exp
R T r   (3) 
Hence, the rate of change in mineral amount can be rewritten as 
qp
e
c K A
t   (4) 
where  is the interfacial energy, mol is the molar volume of the mineral, R is the gas constant, T is 
the absolute temperature and rc is the radius of the crystal. Equation (3) describes the fact that a small 
crystal is in equilibrium with a higher fluid saturation than a big crystal. In turn, this means that a certain 
supersaturation of the fluid defines a minimum crystal radius for nucleation: crystals with smaller radii 
than this minimum radius will dissolve and those with larger radii can grow further. Assuming an initial 
seed crystal radius the equilibrium supersaturation associated with this seed crystal may be interpreted as 
a threshold supersaturation since the actual fluid supersaturation  needs to exceed this threshold for 
crystallisation to occur. 
Pore size has an additional effect on crystallisation as it confines the maximum crystal size in a 
specific pore. This fact may be expressed by a pore size dependent supersaturation threshold p, similarly 
as in equation (3): 
mol
p
por
2exp
R T r   (5) 
where rpor is the pore radius. Again, for crystallisation the fluid supersaturation  needs to exceed p. 
Thus the pore size, and hence the porosity [9], is related to the equilibrium supersaturation, which, in turn, 
is related to the solubility of the fluid [5]. A fluid with a certain supersaturation will form crystals in pores 
with radii smaller than a given threshold. 
The effect of the crystal's curvature on crystallization forms the base for the correlation between 
precipitation and porosity. This relation can be applied to geological systems as discussed in detail by 
Emmanuel and Berkowitz [5]. In case of anhydrite precipitation, however, the effect described by 
equation (5) is negligible above the nanometre scale. It is therefore inadequate to describe the 
heterogeneous precipitation patterns observed in the Allermöhe core samples since the corresponding 
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pore radii of Rhaetian Sandstone are in the range of micrometres. Thus, a relation between anhydrite 
precipitation and pore radii in the range of micrometres and is required. 
Such a relation can be derived by taking into account the electrical properties of the system. To this 
end we need to appreciate that, on the one hand, the rock matrix exhibits a surface charge density s and, 
on the other hand, calcium and sulphate ions are electrically charged. The effect of the interaction 
between ions on crystallisation is described by the activity coefficients . In the absence of charged 
mineral surfaces they can be approximated by [10] 
0 i i 0 0
i
B
z eexp
k T   (6) 
where 0 is the electric potential of the calcium and sulphate ions, i is the chemical potential, zi is the 
valence of the i-th ion, e0 is the elementary charge and kB is the Boltzmann constant. Considering the 
effect of charged surfaces the electric potential 0 needs to be replaced by the superposition  consisting 
of 0 and the electric potential s of the charged mineral surface: 
0 s .   (7) 
Assuming a one-dimensional problem with a charge density in the origin (x=0), the potential s may 
be expressed by [10][Schmickler, 1996] 
Dx/Ls
s D
0 r
x L e ,
  (8) 
where LD is the Debye length, 0 is the electric permittivity in vacuum and r is the relative permittivity. 
The calculation of the Debye length is explained in Schmickler [10]. For anhydrite precipitation in our 
core samples the Debye length is LD  8 nm. Considering the electric potential of the surface s the 
activity coefficients can be written as: 
Dx / L0 0i 0 s D
i i
B 0 r
z e Lexp e : C x
k T  (9) 
Since s varies with the distance to the surface the activity coefficients are not constant within the pore: 
they are reduced close to the pore wall due to the electric interaction between the charged surface and 
ions resulting in a correction for the supersaturation : 
0x C x   (10) 
Hence supersaturation is decreased close to pore walls causing an increase of the equilibrium crystal 
radius according to equation (3).  
As the activity coefficients are reduced close to pore walls, the formation of crystals occurs 
preferentially in the centre of pores. The assumption is that after formation a seed crystal will be 
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transported towards the pore walls caused by both gravitation g and Darcy velocity D. In an advection-
dominated system D usually exceeds g by far so that the resulting velocity is approximately the Darcy 
velocity. During the transport of a formed seed crystal from the centre to the wall of a pore the crystal 
grows according to equation (4). The time t which is available for crystal growth until the crystal reaches 
the area close to the wall is then expressed by 
por D por
D D
r L r
t   (11) 
When a crystal reaches the pore wall area the crystal radius must exceed the equilibrium radius of this 
area to allow further growth (equation (3)). The amount of mineral produced after time t can now be 
determined using equation (4), assuming a seed crystal of radius rs and a supersaturation 0 in the centre 
of the pore. Since the available time t increases with increasing pore radius rpor, the outlined approach 
results in a second correlation between crystallization and pore size. 
In order to simulate heterogeneous anhydrite cementation patterns, we assume that the supersaturation 
close to pore walls is reduced but constant and can be expressed by C (x) = C. A seed crystal reaches the 
pore wall area of reduced supersaturation  = 0 C after time t. 
The Simulator for HEat and MAss Transport (SHEMAT) [6] was chosen for the numerical 
simulations because with its graphical user interface “Processing SHEMAT" it is an easy-to-use, general 
purpose reactive transport code, addressing a wide variety of thermal and hydrogeological problems in 
two and three dimensions [11-14]. SHEMAT solves coupled problems involving fluid flow, heat transfer, 
species transport and chemical water-rock interaction [15-18]. It is a finite difference code that solves the 
flow and transport equations on a Cartesian grid. The “IAPWS Industrial Formulation" [19] is the 
equation of state used for water. In SHEMAT, the different flow, transport and reaction processes may be 
coupled selectively. Flow and heat transport are coupled because the fluid parameters density, viscosity, 
compressibility, thermal conductivity and thermal capacity are described by functions of temperature and 
pressure. Flow and salt transport are coupled via a linear approximation of fluid density. 
SHEMAT's chemical speciation module [6] is a modification of the geochemical modelling code 
PHRQPITZ [20]. It calculates geochemical reactions in brines and other highly concentrated electrolyte 
solutions using the Pitzer virial-coefficient approach for ion activity corrections. Reaction modelling 
capabilities include calculation of aqueous speciation and mineral saturation as well as dissolution and 
precipitation of mineral phases. 
For a detailed description of equations incorporated in the program and code verification the interested 
reader is referred to the monograph describing the code and various applications [6]. 
The correlation between pore size and anhydrite precipitation is integrated into the simulation code 
SHEMAT in a two-step procedure. At first, the pore radius por, above which nucleation may accord is 
determined for a temperature T and supersaturation 0 in the centre of the pore. This is done by 
numerical simulation of crystal growth during the time t using the equations (4) and (11). Then, a constant 
factor A is calculated and integrated in equation (5) for shifting the supersaturation threshold to the 
corresponding pore radius por: 
por 0
mol
RT r lnA
2   (12) 
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mol
p
por
2exp A
R T r
  (13) 
Equation (13) is implemented in the SHEMAT-code. If the supersaturation in a cell of the numerical grid 
exceeds p, a seed crystal will be placed in this cell. 
3. Numerical simulation 
In order to demonstrate the relationship of pore size and crystallisation in dependence of temperature 
and supersaturation, we set up a two-dimensional numerical model consisting of 90 x 5 quadratic cells of 
4 mm cell size. This model comprises three porosity zones with heterogeneous rock properties. 
Permeability was calculated from porosity assuming on a fractal pore space geometry [9]. This allows 
calculating the pore radius of each cell from its porosity: 
1.564
porr 2 10 2   (14) 
This approach differs from the approach described by Emmanuel and Berkowitz [5] where cylindrical 
pores are considered. The pores in one numerical cell are assumed to be uniform. Two different model 
set-ups were tested, one at two different but constant temperatures, at 383 K and 386 K. Fig. 1. illustrates 
the parameters as well as boundary conditions of the model. The concentrations of calcium and sulphate 
as well as the salinity were chosen to match roughly the conditions encountered in the Allermöhe 1 
borehole [1]. 
 
 
Fig. 1. Simulation parameters and boundary conditions (c: concentration; vD: Darcy velocity; : porosity; P: pressure). 
 
In the simulations, the fluid enters at a constant Darcy velocity D across the left model boundary. If 
the fluid supersaturation exceeds the calculated supersaturation threshold p, a spherical seed crystal of 
the radius rs will be placed in the current cell. Then, the amount of mineral and the reactive crystal surface 
are calculated. Further growth or dissolution is then determined from equation (4). Table 1 lists all 
relevant parameters of the chemical reaction and electric interaction. The values represent properties of 
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anhydrite as well as parameters of a quartz mineral surface (representing the sandstone rock matrix) and 
the relative electric permittivity of water.  
Table 1. Chemical reaction and electric interaction parameters used in the numerical simulation 
parameter value dimension 
surface energy 0.03 J m-2 
molar volume mol 4.6 10-5 m3 mol-1 
seed crystal radius rs 1.2 10-9 m 
reaction parameters p, q 1 [-] 
reaction rate constant K 7 10-6 mol m-2 s-1 
gas constant R 8.3145 [-] 
Boltzmann constant kB 1.38 10-23 J K-1 
dielectric constant 0 8.854 10-12 As V-1 m-1 
relative permittivity r 78.5 [-] 
surface charge density s -0.01 C m-2 
valence of sulphate ion -2 [-] 
valence of calcium ion +2 [-] 
elementary charge e0 1.6 10-19 C 
 
The pore radius above which nucleation is possible por was determined as 69 μm while the 
supersaturation required for nucleation in the centre of a pore was assumed as 0 = 2.5 since this value is 
found in the numerical simulations (see below). According to equation (12) the factor A at a temperature 
of 385 K was calculated as 7.33 104. The simulation results are shown in Fig. 2. and Fig. 3.  
 
 
Fig. 2. Anhydrite concentration (circles) and porosity (squares) at T = 383 K after 40 days simulation time 
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Fig. 3. Anhydrite concentration (circles) and porosity (squares)at T = 386 K after 40 days simulation time 
According to the different pore radii in the three zones the supersaturation threshold decreases with 
porosity. At a temperature of 383 K the resulting fluid supersaturation equals 2.5, which exceeds the 
supersaturation threshold only where porosity is  = 0.3. Accordingly, anhydrite seed crystals are formed 
only in this region. Since chemical equilibrium is not reached in the cells where anhydrite precipitation 
takes place the fluid still contains an amount of calcium and sulphate corresponding to a decreased local 
supersaturation. This value still exceeds the supersaturation threshold in adjacent cells. Due to this fact 
and according to equation (4) the amount of anhydrite decreases in axial direction of the model. At a 
temperature of 386 K the fluid supersaturation is equal to 2.65, which exceeds the supersaturation 
threshold also where porosity is  = 0.25. This results in the formation of anhydrite in this zone, too. 
Again, the amount of anhydrite decreases in axial direction. When the fluid enters the region with a 
porosity  = 0.3 the local fluid supersaturation still exceeds the local supersaturation threshold, also 
causing anhydrite formation in this area. Thus, it is possible to describe heterogeneous anhydrite 
precipitation patterns in pores on the micrometre scale based on our approach of relating pore size and 
nucleation via electrical system properties. In summary, our simulation results suggest that for describing 
mineral precipitation in porous media it is necessary to consider electrical system properties. 
4. Discussion and conclusion 
We described how electrical system properties of porous media can be integrated into nucleation 
theory. By considering the effect of surface charge density on the fluid supersaturation in porous media a 
relation was established between pore size and precipitation based on a relation presented in Emmanuel 
and Berkowitz [5]. 
The main advantage of our approach lies in accounting for electro-kinetic effects. This shifts the 
dependence of crystallisation on pore radii from the nanometre to the micrometre range. This enables 
understanding and explaining cementation patterns such as those observed in the Allermöhe core samples. 
Our results demonstrate that the variation of fluid supersaturation and the fluid velocity within a pore 
govern heterogeneous anhydrite cementation patterns. The mathematical formulation of this approach 
requires several approximations, such as the assumption that the porosity and hence the pores within one 
cell of the numerical model are of the same size. Further, the supersaturation distribution within a pore 
was assumed as a step function. However, the numerical simulation results clearly indicate the necessity 
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to consider the spatial variation of supersaturation on the pore scale. Justifying the assumptions made 
requires examining the drift velocity of crystals as well as the detailed distribution of supersaturation 
within the pores.  
Further studies will need to include also core flooding experiments with samples of known porosity 
and surface charge density. Calculating the amount of anhydrite also requires measuring the rate constant 
of anhydrite precipitation. For an assessment of cementation risks in future boreholes it is essential to 
upscale the relationships between nucleation and porosity introduced here to the reservoir scale. 
Acknowledgements 
We gratefully acknowledge financial support for parts of this study by the German Federal Ministry 
for Education and Research (BMBF) and the German Science Foundation (DFG) under contracts 
03G0614A (this is publication GEOTECH-2105) and CL121/11-1, respectively. 
References 
[1] Baermann A, Kröger J, Taugs R, Wüstenhagen K, Zarth M. Anhydrite cementation in Rhaetian Sandstone in Hamburg - 
Morphology and Structures, Zeitschrift für Angewandte Geologie 2000; 46(3): 138-143 (in German). 
[2] Wagner R, Kühn M, Meyn V, Pape H, Vath U, Clauser C. Numerical simulation of pore space clogging in geothermal 
reservoirs by precipitation of anhydrite. International Journal of Rock Mechanics & Mining Sciences 2005; 42: 1070-1081. 
[3] Putnis A, Mauthe G. The effect of pore size on cementation in porous rocks. Geofluids 2001; 1: 37-41. 
[4] Ozawa H. Thermodynamics of frost heaving: A thermodynamic proposition for dynamic phenomena. Physical Review E 
1997; 56(3): 2811-2816. 
[5] Emmanuel S, Berkowitz B. Effects of pore size controlled solubility on reactive transport in heterogeneous rock. 
Geophysical Research Letters 2007; 34:L06404. 
[6] Clauser C (ed). Numerical Simulation of Reactive Flow in Hot Aquifers - SHEMAT and processing SHEMAT. Heidelberg: 
Springer Publishers; 2003. 
[7] Palandri JL, Kharaka YK. A Compilation of Rate Parameters of Water-Mineral Interaction Kinetics for Application to 
Geochemical Modeling. Open report U.S. Geological Survey; 2004. 
[8] Scherer GW. Crystallization in pores. Cement and Concrete Research 1999;29:1347-1358. 
[9] Pape H, Clauser C, Iffland J. Permeability prediction for reservoir sandstones based on fractal pore space geometry. 
Geophysics 1999; 64(5): 1447-1460. 
[10] Schmickler W. Principles of electrochemistry. Wiesbasen: Vieweg; 1996. 
[11] Kühn M, Günther A. 4-D hydrothermal reactive transport model based on the regional geological evolution of Allermöhe 
(Germany). Geofluids 2007; 7: 301-312, doi: 10.1111/j.1468-8123.2007.00182.x. 
[12] Kühn M, Bartels J, Iffland J. Predicting reservoir property trends under heat exploitation: interaction between flow, heat 
transfer, transport, and chemical reactions in a deep aquifer at Stralsund, Germany. Geothermics 2002; 31(6): 725-749. doi: 
10.1016/S0375-6505(02)00033-0. 
[13] Kühn M, Dobert F, Gessner K. Numerical investigation of the effect of hetero-geneous permeability distributions on free 
convection in the hydrothermal system at Mount Isa, Australia. Earth and Planetary Science Letters 2006; 244: 655-671. doi: 
10.1016 / j.epsl.2006.02.041. 
[14] Kühn M, Stöfen H. A reactive flow model of the geothermal reservoir Waiwera, New Zealand. Hydrogeology Journal 
2005; 13: 606-626, doi: 10.1007/s10040-004-0377-6. 
[15] Gessner K, Kühn M, Rath V, Kosack C, Blumenthal M, Clauser C. Coupled Process Models as a Tool for Analysing 
Hydrothermal Systems. Surveys in Geophysics 2009; 30: 133-162. doi: 10.1007/s10712-009-9067-1. 
116   Mario Mürmann et al. /  Energy Procedia  40 ( 2013 )  107 – 116 
[16] Kühn M, Gessner K. Coupled process models of fluid flow and heat transfer in hydrothermal systems in three dimensions. 
Surveys in Geophysics 2009; 30: 193-210. doi: 10.1007/s10712-009-9060-8. 
[17] Kühn M. Modelling feed-back of chemical reactions on flow fields in hydrothermal systems. Surveys in Geophysics 2009; 
30: 233-251. doi: 10.1007/s10712-009-9055-5. 
[18] Kühn M, Gessner K. Testing hypotheses for the Mount Isa Copper mineralisation with numerical simulations. Surveys in 
Geophysics 2009; 30: 253-268. doi:10.1007/s10712-009-9064-4. 
[19] Wagner W, Cooper JR, Dittmann A, Kijima J, Kretzschmar H-J, Kruse A, Mares A, Oguchi R, Sato H, Stöcker I, Sifner O, 
Takaishi Y, Tanishita I, Trübenbach J, Willkommen T. The IAPWS Industrial Formulation 1997 for the Thermodynamic Properties 
of Water and Steam. Journal of Engineering for Gas Turbines and Power 2000; 122:150-182. 
[20] Plummer LN, Parkhurst DL, Fleming GW, Dunkle SA. A computer program incorporating Pitzer's equations for 
calculation of geochemical reactions in brines. U.S. Geological Survey Water-Resources Investigations Report, 88-4153; 1988. 
